Atomic spectra and other properties of superheavy element dubnium (Db, Z=105) are calculated using recently developed method combining configuration interaction with perturbation theory (the CIPT method, Dzuba et al, Phys. Rev. A, 95, 012503 (2017)). These include energy levels for low-lying states of Db and Db II, electric dipole transition amplitudes from the ground state of Db, isotope shift for these transitions and ionisation potential of Db. Similar calculations for Ta, which is lighter analog of Db, are performed to control the accuracy of the calculations.
I. INTRODUCTION
The study of super heavy elements (SHE), Z > 100, which are not found in nature has been a constant frontier of nuclear and atomic physics for the past century [1, 2] . The discovery and study of these exotic elements is of great interest at both microscopic and cosmological scales, particularly in relation to the existence of the fabled island of stability which is the shell model's promise of stable super heavy elements and the property of the underlying exotic nuclei [2] [3] [4] [5] . The study of SHEs also gives insight into fundamental physics such as correlation and relativistic interactions in atomic systems.
Despite the rich potential for studying new physics, both the experimental and theoretical knowledge of SHEs is poor. While elements up to Z=118 have been synthesized, studying properties of these elements, particularly their spectra, is exceptionally difficult due to short lifetimes and low production rate. Currently experiments are underway to study these elements in greater detail, including measuring their atomic spectra. So far there has been success in measuring the 1 S 0 → 1 P o 1 excitation energy of No (Z = 102) [6] and ionisation potentials of No [6] and Lr (Z = 103) [7] .
The development and refinement of laser spectroscopy techniques make future experimental measurements in the SHE region promising [8] [9] [10] . The theoretical results presented here will facilitate future experiments.
There has been significant study of SHEs with a small number of electrons (holes) above (below) closed shells. These calculations have been performed using wellestablished many-body techniques such as couple-cluster methods [11, 12] , CI + MBPT [13] , correlation potential (CP) methods [14] and Multiconfigurational Dirac-Fock (MCDF) [15] etc. For SHEs Z = 102, 103, 104 which have 2, 3, and 4 valence electrons above the closed f shell, their spectra, ionisation potentials and static polarisabilities have been calculated [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Similarly atomic properties of SHEs Z = 112 − 118 using coupledcluster methods [27] [28] [29] [30] [31] [32] [33] [34] , CI+MBPT methods [13, 35] and MCDF methods [36, 37] have been calculated. Atomic properties of unsynthesized nuclei have also been theoretically calculated up to the SHE element Z = 122 [25, 38, 39] . A review of SHE atomic calculations can be found in ref. [25] .
While established numerical methods have been successful in treating SHE with relatively simple atomic structure, difficulties arise when there are more than four valences electrons in the open subshells in many-electron atoms (Z = 105 − 111) due to the extremely large CI basis and therefore calculations have been limited to ionisation potentials and electric polarizabilites [40] [41] [42] [43] . A Recently developed method combining configuration interaction with perturbation theory (the CIPT method [44] ) allows to overcome these limitations and perform the calculations for the rest of SHE. In this work we start this study with the calculation of atomic spectra of Ta I and Db I which both have five valence electrons above a closed f shell. Calculations for neutral Ta atom (Z = 73) are performed to demonstrate the accuracy and practicality of the calculations.
In Section II we briefly discuss the application of the CIPT method, in Section III we compare our CIPT calculations for Ta I with experimental results. We present the CIPT calculations for Db I in Section IV including calculations of Breit and radiative corrections. Finally in Section V we present the optical electric dipole transitions for both Ta I and Db I including calculations of the isotope shift for Db I.
II. THE CIPT METHOD
The sparse theoretical results for elements Z = 105 − 111 is due to the open 6d−shell where current models are not viable. For more than four valence electrons previous many-body methods become too computationally expensive due to the large diagonalisation problem. The computational cost is reduced by using a combination of the configuration interaction (CI) and perturbation theory (PT). In this section we will give a brief discussion of our implementation of the CIPT method. For an in depth discussion please refer to Ref. [44] .
To generate the single electron wavefunctions for both Ta and Db we use the V N −1 approximation (N is the total number of electrons) [45, 46] , starting the Hartree -Fock calculations for an open-shell atom with  the 5d  3 6s configuration of external electrons for Ta  and the 6d 3 7s configuration For Db. Single-electron basis states are calculated in the field of frozen core. We a B-spline technique [47] with 40 B-spline states of order 9 in a box with radius 40 a B with partial waves up to l max = 4. Many-electron basis states for the CI calculations are formed by making all possible single and double excitations from reference low-lying configurations. Note that this choice of the V N −1 potential is most natural for Ta where most of excited configurations contain exitations of the 6s electron. However, it is not so for Db. Here due to strong relativistic effects the 7s electrons are attracted to the core and the 6d electrons are excited instead. Therefore, for Db for also tried a V N −1 potential calculated for the 6d 2 7s 2 configuration of external electrons. The difference in results turned to be small.
In this work we include the effects of both the Breit interaction [48, 49] and radiative corrections (self-energy and vacuum polarisation corrections) [50] for completeness. It is expected that these corrections are more significant in heavier elements than their lighter element analogs. The Breit interaction which accounts for the magnetic interaction and retardation is included in the zero momentum transfer approximation,
where α is the Dirac matrix, r = rn and r is the distance between electrons denoted by subscripts 1 and 2. The QED radiative corrections due to the Uehling potential V U , and electric and magnetic form-factors V E and V g respectively are included. These corrections are included are effective radiative potentials as introduced in ref. [50] ,
Both the Breit and effective radiation correction potentials are included in the Hartree-Fock procedure described above. In Section IV we present the individual effect of each correction to the SHE Db I spectrum from the CIPT method.
For each level we calculate the Landé g-factor and compare it to the non-relativistic expression,
We treat angular momentum L and spin S as fitting parameters to fit the calculated values of the g-factors with the formula (1) . This allows us to use the LS notations for atomic states. Note however that the SHE states are highly relativistic and strongly mixed and the LS− coupling scheme is very approximate. Ionisation potential is obtained by calculating the energy of the ground state of the ion and taking the difference between ground states of the ion and the neutral atom. The same single-electron basis is used for the ion as for the neutral atom.
III. TA I
To demonstrate the accuracy of the CIPT model we compare the theoretical and experimental spectra of Ta I. As Ta lies in the same group but one period higher, we believe theoretical accuracy for the Ta As the 6s electrons are easily excited, we should treat the atom as a system with five external electrons. Note that a slightly more complicated atom, tungsten, which has one more external electron, was already successfully studied using the CIPT method [44] . Therefore, we expect similar or better accuracy for Ta. For low lying even parity states of Ta we used the basis states of the 5d 3 6s 2 , 5d 4 6s and 5d
5 configurations in the effective CI matrix. All other configurations, which were obtained by exciting one or two electrons from these configurations, were included perturbatively. Similarly for the odd parity states we used the states of the 5d 3 6s6p, 5d 2 6s 2 6p configurations in the effective CI matrix, while other configurations are included perturbatively.
In Table I we present the comparison between experimental energies and g-factors and those calculated by the CIPT method. We present a significant number of odd states to demonstrate the accuracy of the odd parity states particularly towards to end of the optical region. This is because the most promising experimental measurements are strong optical electric dipole (E1) transitions from the ground state to low lying excited states of different parity and it is important to include as many of these transitions as possible. To identify the correct states for comparison we use the experimental and theoretical Landé g-factors, when experimental g-factors were not available we used the next sequential state in the theoretical calculations. There was excellent agreement between the g-factors with the only significant difference for the odd state J = 1/2 at 18505 cm −1 .
There is good agreement between the experimental and theoretical energies particularly for the low-lying odd parity states which are important for measuring the electric dipole transitions (see Section V). For the odd parity states the largest discrepancy in energy was ∆ = 453 cm −1 with most states having |∆| ≈ 100 − 400 cm −1 . Our calculations also supported the existence of the J = 11/2 level at E E = 27783 cm −1 which is listed as ambiguous [51] . For the calculation of the Db I spectrum we expect a similar accuracy as seen in Ta I due to the analogous electronic structure.
IV. DB I
Dubnium was first synthesized in 1968 with the longest living isotope of 268 Db [52, 53] with a halflife of ≈ 30 hrs. This long lifetime relative to other SHE makes future experiments promising. There is very little experimental or theoretical results for Db with the majority being chemical properties [52, 54] . A calculation of the ionisation potential has been completed for Db in [41] using a relativistic Hartree-Fock approach.
In the V N −1 approximation discussed in Section II we remove a 7s electron. For the CIPT calculations of Db I we use the same parameters as for the Ta I configurations. Both Breit and radiative corrections are expected to be larger in SHE compared to lighter elements and therefore are included in Table II. In Table  II we demonstrate the effect of each correction on the energy spectrum of Db I.
Comparing the Db I spectrum in Table II to the Ta I spectrum in Table I we see that the order of the even parity states has remained the same relative to each other. However the order of the odd states has been significantly altered with the first 2F o 5/2 state being significantly lowered in the spectrum. Another thing to note is that the odd parity excitations are typically 6d → 7p as opposed to the Ta excitation 6s → 6p. This can be explained by relativistic effects where the 7s electrons are more tightly bound than the 6d electrons in contrast to the 5d and 6s electrons in Ta. These relativistic effects also cause the 6d electron to be ionised in Db instead of the 6s electron. This may result in significantly different chemical properties in Db compared to Ta.
From Table II we see that the effect of both the Breit interaction (∆ B ) and radiative corrections (∆ R ) is small and lies within the accuracy of our code with the maximum correction being less than 200 cm −1 . Interestingly we see, to the accuracy of our calculations, that the effects are linear and do not correlate with each other. This can be seen by summing the two corrections and the calculated energy with no corrections included (E N C ). This energy is very close to states in the spectrum which includes both corrections simultaneously,
To test the consistency of our method we calculated the spectrum of Db I using the V N −1 approach removing a 6d electron for the frozen core potential. In these calculations we obtained a similar spectrum within the accuracy of our calculations.
We are not aware of any other calculations of the Db spectrum apart from the calculations of IP. Out value 56744 cm −1 is in good agreement with the Hartree-Fock number 55000(7000) cm −1 [41] and coupled cluster number 55590 cm −1 [55] .
V. ELECTRIC DIPOLE TRANSITIONS AND ISOTOPE SHIFT
Of particular experimental interest in calculating the spectra of heavy elements are the electric dipole (E1) transitions. In this work we calculate and present the E1 transition amplitudes for the major optical transitions from the ground state to the lowest lying odd parity states for each Ta I and Db I. It should be noted that there is no published data for the E1 transitions for either Ta I or Db I and therefore we present the E1 transition amplitudes (A E1 ) and transition probabilities (T E1 ) for both atoms.
To calculate the E1 transition amplitudes A E1 we use the self-consistent random-phase approximation (RPA) to simulate the atom in an external electromagnetic field. This results in an effective electric dipole field for the electrons. The E1 transition amplitude for a transition between states a and b is given by A E1 = b||D + δV ||a where |a > and |b > are the many electron wavefunctions calculated in the CIPT method above,D is the electric dipole operator acting on external electrons, δV is the correction to the self-consistent Hartree-Fock potential of atomic core caused by photon electric field. For a more in depth discussion on this method refer to ref. [56] .
The E1 transition rates are calculated using (in atomic units),
where J is the angular momentum of the upper state, α is the fine structure constant and ω is the frequency of the transitions in atomic units. All calculations obey the selection rules for E1 transitions, a change in parity and change in angular momenta |∆J| ≤ 1. We present the E1 transitions for Ta I and Db I in Table III . Table II . This is the spectrum for the low lying energy levels of Db I using the CIPT method. Here we have included energy levels with and with Briet and QED radiative corrections included. We have also included the ionisation potential of Db I. Of primary importance are the low lying odd states of odd parity which contribute the E1 dipole transitions discussed below. The accuracy of these numbers is expected to be similar to that of Ta in the period above. Here ENC are the energies when neither Breit or radiative corrections are included in the calculations, ∆B and ∆R are the changes in energy from ENC when Breit and radiative corrections are included respectively. The final energy E is the spectrum when both Breit and radiative corrections are included ab initio. ) and Ta I ( 4 F 3/2 ) to the low lying odd parity states. These low lying optical transition obey the E1 transition selection rules with a change of parity and change of angular momentum |∆J| < 1 where the leading contribution is for the odd parity state. The numbers next to the states correspond to the numbered spectra in Tables I and II . A reason for these large E1 amplitudes for these states could be due to the larger contribution of the 7p → 7s transition as opposed to the more suppressed 7p → 6d transition.
Energy
Finally, we calculate isotope shift for Db. Isotope shift is important since it helps to obtain information about nuclei of SHE when frequencies of the transitions are measured for several isotopes. It can also be used to predict the spectra of other isotopes, in particular the spectrum of the hypothetically stable neutron-rich isotopes with "magic" number of neutrons N = 184. This may help in search for such isotopes.
Isotope shift of SHE elements is strongly dominated by volume shift (also known as "field shift" in literature). We calculate it by varying nuclear radius in computer codes. We present results in two different forms. First is given by [57] δν = E 2 − E 1 = a A , where A 1 and A 2 are atomic numbers for two isotopes (A 2 > A 1 ) and a is the parameter which comes from the calculations. This form is convenient for prediction of the spectra of heavier isotopes. It is motivated by the relativistic dependence of the volume shift on the nuclear radius, R N , which is proportional to R 2γ N where γ = 1 − (Zα) 2 . For Db R 2γ N ≈ R 1.28 N and using the large scale trend for nuclear radii R N ∝ A 1/3 the volume shift can be approximated by ∝ A 1/3 . This nuclear radius approximation is valid for large scale trends in A where nuclear shell fluctuations are suppressed [57, 58] , this is applicable for our Db I calculations as A 1 and A 2 are not neighboring isotopes.
Another form for the isotope shift is the standard formula related the change of atomic frequency to the change of nuclear radius δν = F δ r 2 .
This formula is convenient for extraction of the nuclear radius change from the isotope shift measurements. The values of the a and F parameters for strong electric dipole transitions of Db are presented in Table III .
VI. CONCLUSION
We have calculated energy levels, electric dipole transition amplitudes and isotope shift for superheavy element dubnium. Similar calculations for its lighter analog Ta indicate that the uncertainty of the results for the energies of Db is unlikely to exceed 500 cm −1 . Db is the first SHE with open 6d shell which is studied with the recently developed CIPT method. The successful use of the CIPT method for Db opens a way to perform similar study for all SHE with open 6d shell up to Mt (Z = 109).
